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HIGH PERFORMANCE DYN.AJMIC MIRROR 
FIELD OF THE ]N\^ENT10N 

The field of the invention is laser primers. £ ¥ 6 Y (SOS § " 

BACKGROUN D OF THE INVFATIOK 

In laser primers, a modulated light beam (or a plurality of beams) scans the surfece of d 
moving photosensitive surface such as a rotating cylindrical pholorcceptor to produce an 
image. The sight beam t\T3ica!ly scans the surface in the axial (scan) direction to produce each 
!ine of the image, while the cylinder rotates so thai each line falls on a different cross-scan 
location on the surface. In some systems multiple lines are scanned simuhancously. 

US patent 5.268,6S7, to Pekd ei al, the disclosure of which is incorporated herein by 
reference, describes a printer in which errors in the rotational position of the cylinder or in the 
timing of the scan are compensated for by reflecting the light beam from a movable minor, 
which adjusts the cross-scan position of the light beam. Fig. I of the present application shows 
Fig, 1 of the Pelcd eta!, patent, ^flie figure shows a cylinder 108, a source 110 for a light beam 
1 1 h and a movable mirror 1 12, mounted between a bearing 1 14 and a sen^o-motor 1 [g which 
rotates the mirror over a limited range on its axis. As can be seen from the drawing, the miiror 
is much longer than it is wide, and is of an appropriate length so chat light beam 1 11 can reflect 
from it at any position in the axial scan of the light beam. 

A feedback loop 129 uses the measured difference between the rotational position of 
the cylinder and an expected position at the beginning of a scan, as v/ell as the measured 
orientation of the mirror, to drive servo-motor ] 1 8 which controls the orientation of the mirror, 
and hence the azimuthal location 116 where the light beam hits the surface of the cylinder. The 
feedback loop includes a controller 124 which receives signals about the rotational position of 
the cylinder from sensor 1 09, and signals about the timing of the scan from light source 1 10. 

Hcjice controller 124 can determine the difference between the expected and actual 
rotational position of the cylinder at the beginning of each scan. Feedback loop 129 also 
includes a mirror control 120, which uses output from controller 124 io instruct ser%-'o-motQr 
1 IS how far and in what direction to rotate the mirror, and uses feedback from a sensor 122 
which senses the orientation of the mirror. 

SLmi ARY OF THE INVE NTIO N 

An error-compensating system similar to that shown m Fig. I, may operate well so lonp 
as no mechanical vibratory modes of the long mirror arc excited by the contro! system. 

For example, if a certain overall closed loop bandwidth of the feedback loop is desired 
and the sy.stem position error should be decreased by a large factor, then a high open loop gain 
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over the frequency range of the closed loop bandwidth may be required to achieve this. To 
achieve this goal and still have sufficieni phase margin in a real closed loop control system 
design, the actual open loop Band Width (BW) is typically much higher than the closed loop 
BW, for example 3 to 5 times higher. 

If any resonance exists within a frequency range beyond the closed loop BW, for 
example up to ten to twenty times higher than the closed loop bandwidih. This could result in a 
loop gain larger than 1 at this high frequency range, with positive feedback, thus causing 
positive feedback that might saturate the control system, resulting in oscillations. 

in order to avoid oscillation of the system caused by positive feedback of a torsional (or 
other) vibration, the lowest (and predominant) vibrational mode of ihc mirror, generally a 
torsional mode, must occiu* at a frequency sufficiently above this bandwidth so that the closed 
loop gain for this mode is less than one. 

As an example, in the mirror presently used in the H-P LNDJGO 1000 press printer, the 
lowest order torsional mode has a frequency of about 6,000 Uz, As the required speed of 
correction increases (for example, widi increased printing spccdj, in order to obtain good 
performance of the feedback loop it is desirable to use information from the opiicLii sensor at 
frequencies that extend up to 6 kHz and above. This can result in positive feedback at the 
frequency of ihc first torsional mode, leading to uncontrolled torsional vibralion of the mirror. 

The positive feedback at the torsional mode could, in principle, be avoided by using a 
notch filter (or other method), which reduces the amplimde of the sensor signal at frequencies 
close to ihc resonant frequency. However, such a solution still degrades die performance of the 
feedback loop within the desired frequency range because of die limited gain that can be used 
and the filter's detrimental impact on the phase margin. Furthermore, the frequency of the first 
torsional mode of the mirror can var>* with different systems and can even drift over time, so 
ihe notch filter might have to be adjusted individually for each system, and/or periodically 
readjusted. 

An aspect of an embodiment of the invention concerns a metliod and apparatus for 
feedback control of the orientation of an error-compensating dcflecior (which can be, for 
example, a mirror, a refiective prism or a refractive prism) in a laser printer, in which a sensor 
measures the orientation of the deflector subsumiially at a node in dominant x-ibrator}^ mode, 
for example a torsional mode. Unlike the frequency of the first torsional mode, which varies 
from unit to unit, the position of the null in the first torsional mode is robust, found at 
substantially the same position in all systems manufactured to the same specifications, and 
does not drift over time. 
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By measuring the orienlation of the deflector subsmntially at a null of the torsional 
mode, positive feedback of the mode is avoided, and the control loop can achieve good 
performance. As used hereiji, "substantially at a null" means close enough to a null so that non- 
negligible positive feedback of the mode is avoided. The term non-negligible, as used herein, is 
an amouai which causes a closed loop gain high enough to cause vibrations or ringinc. 
T>pically, the deflecioi is much longer than it is wide and has uniform cross-section, and the 
first torsional mode has a null located near the center of the deflector. 

for a different deflector configuration, other vibrational modes may have positive 
feedback, and the orientation of the deflector is optionally measured substantially at a null of 
one of those modes. However, for a (deflector) miiror t>pical of this Icind of system, Jong, thin, 
and supponcd in a way that allows the ends of the mirror to turn freely but not to easily move 
axially or laterally, the lowest frequency mode, and the mode most likely to have positive 
feedback, is likely to be the first torsional mode. 

There is thus provided, in accordance with an embodiment of the invention, an imager 
comprising: 

a) a photosensitive surface: 

b) a light source which produces at least one scanning light beam; 

c) a deflector, arranged to deflect the at least one scanning light beam onto the 
photosensitive surface; 

d) a sensor which measures the orientation of the deflector; 

e) a controller operative to determine a placement error of said at least one scanning 
beam on the photosensitive surface, responsive to the orientation measurement by the sensor; 
and 

0 an actuator, responsive to the displacement error, and arranged to change the 
direction of deflection of the at least one light beam by the deflector, 

wherein the sensor is configured to measure the orientarion of the deflector 
subslantiaily at a null in a vibrational mode of the deflector. 

Optionally, the photosensitive surface is a movmg surface. Optionally, the controller 
dctermmes said placement error relative to a desired position of said photosensitive surface In 
an embodiment of the invention, the movmg photosensitive surface comprises the surface of a 
rotating cylinder. Optionally, the moving photosensitive surface comprises the surface of a 
moving belt. 

In an embodiment of the invention, the sensor is an optical sensor. Optionally, the 
sensor comprises: 
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a) a second light source which produces a second light beam; 

b) a second dencctor. fixed to the deflector or a support of the deflecior, which deflects the 
second h*ghl beam; and 

c) aa optical position sensor which measures a position of the deflected second light beam. 
Optionally, the second light source comprises a laser, and the second light beam strikes 

a surface of the optical posiiion sensor at an oblique angle, ihcreby avoiding reflection of the 

second light beam from the optical position sensor back into the laser. 

In an embodiment of the invention, the vibrational mode is the lowest frequency 

vibrational mode of the deflector. 

In an embodiment of the invention, the vibrational mode is a torsional mode. 

In an embodiraeni of the invention, the null is substantially at tlie center of the deflector 

in the scan direction. 

In an cmbodiinent of the invention, the deflection of the at least one scatining light 
beam is controlled in a closed loop control system, utilizing said sensor measurement as 
feedback signal. 

In an cmbodmient of the invention the feedback would be positive at the frequency of 
the vibrational mode if the sensor were to measure the deflector at a maxiitium of the 
vibrational mode. 

In an embodiment of the invention, the actuator is attached to at least one end of the 
deflector in the scan direction, and rotates the deflector around an axis substantially parallel to 
the scan direction, and where the sensor mcasiu-cs the orientation of the deflector. 

In various embodiments of the invention, the deflector is a minor or a prism. 

in various embodiments of the invention, the imager is a printer or a copier. 

Tliere is further provided, in accordance with an embodiment of the invention, a 
mediod of producing an image on a photosensitive surface in an imager, wherein a cross-scan 
position of a scan line with respect to the photosensitive surface may vary from an expected 
position, the method comprising: 

aj deflecting a scanning light beam, utilizing a deflector, sucii that the deflected 
scanning light beam falls on the photosensitive surface, thereby producing a pluralit\- of lines 
of the imago; 

c) changing the orientation of the deflector, to correct an error in the cross-scan position 
of the lines on the photosensitive surface, caused by said variation; 

d) measuring the orientation of the deflector; and 
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e) controlling the change in the oricntiiiion of ihe defiecior in response lo the 
mea:iurement of orientation of the deflector, 

wherein the measurement of the orientation of the deflector is made at a location on the 
deflector in the vicinity of a nuU of a vibrational mode of die deflector. 

In an embodimenl of the invention, the photosensitive surface is a moving surface. 
OptionaJiy, the method includes: 

a) measuring the position of tlie photosensitive surface; and 

b) finding a difference between the measured position or orientation and an expected 
position or orientation; 

wherein changing the orientation of the dcEector comprises changing the orientation by 
an amount and in a direction which depends on said difference. 

In various embodiments of the invention, the moving photosensitive surface comprises 
the surface of a rotating cylinder or the surface of a moxdng belt. 

In an embodiment of the invention, the measurement is opticaL Optionally, the 
measurement comprises: 

a) reflecting a second light beam from a second deflector fixed to the deflector or to a 
suppon of the deflector; and 

b) measuring a position of the reflected second light beam. 

In an embodiment of the invention, the vibrational mode is the lowest frequency 
vibrational mode. 

In an embodiment of the invention, the vibrational mode is a torsional mode. 
In an embodiment of the invention, the null is substantially at the center of the dcfiwctor 
in tiK scan direccion. 

In an embodiment of the invention, the deflection of the at least one scajining lighi 
beam is controlled in a closed loop control system, utilizing said measurement of deCection as 
feedback signal In an embodiment of the invention, the feedback would be positive at the 
frequency of tlie vibrational mode if the measurement were made at a location on die deflector 
at a maximum of the vibrational mode. 

In various embodiments of the invention, die deflector is a mirror or a prism. 

In variouii embodiments of the invention, the imager is a printer or a copier, 
BRTHF DESCRIPT I ON OF THE DRAWINGS 

Excmplar>- embodiments of the invention are described in the following sections wiih 
reference to the drawings, which are generally not to scale. 
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Fig, 1 is a perspective view of a photosensitive cylinder in a laser printer with a 
movable mirror for error compensation, according ro ilie prior art; and 

Fig. 2 is a cross-seciional view of a movable mirror similar to that shown in Fig, K and 
an optical sensor used to measure the orientation of the mirror, according to an exemp!ai>' 
embodiment of the invention. 

DETAILED DESCRIPTION OF EX E MPLARY EMBODIMENTS 

Fill. 2 shows a cross-secrion of a movable mirror 1 12 fas an example of a defiecior) 
such as that shown Ln Fig. 1, used for compensating for errors in the rotational position of a 
photosensitive cylinder, as described above. In other respects the system in which movable 
mirror ] 12 ca:i be used can be similar to that shown in Fig, I. Alternatively, mirror of Fig. 2 
can be used in a scaiuier in which movement in the cross-scan direction is provided by the 
min-or itself. While a photosensitive cylinder is shown, the photosensitive surface can be the 
surface of a belt or even of a flat or cun^ed plate. Ah in Fig. 1, a Hght beam 1 1 1 reflects from 
the minor onto a cylinder lOS, and changes in oricniation of the mirror correct an error in the 
position of the beam on the surface of the cylinder. The mirror in Fig. 2 has approximately a 
square cross-section, which provides greater rigiditj- ro vibrational modes than the high aspect 
ratio cross-section shoxra in Fig. 1. Alrernativciy, the mirror has a cross-section like that shoun 
in Fig. 1, or a different cross-sectional shape. The cross-section is taken at an axial position 
halfway between the ends of the mirror, A sensor 222 measures the orientation of mirror 1 12, 
and provides input for a feedback circuit controlling the mirron as described for Fig. I. In 
contrast to Fig. 1, where sensor 122 is near one end of the mirror where the amplitude of the 
first torsional mode is near its maximum, sensor 222 mea.sures the mirror position or angle at 
or near a null of the first torsional mode, at which the deflector is not affected by the vibration, 
and thus is insensitive to diis mode. Hence there is no non-negligible positive feedback at the 
frequency of the first torsional mode, which can lead to uncontrolled torsional vibrations of the 
mirror 

Sensor 222 works by reflecting a Hght beam 202 off a small mirror 204 attached rigidly 
to movable mirror 1 12, for example at the back of mirror 112, where it will not interfere with 
the reflection of light beam 1 1 1 off the face of mirror 1 12. 

A laser diode 206 generates light beam 202, which reflects off small mirror 204. 
Optionally, a second small mirror 20S is mounted on sensor 222, and light beam 202 reflects 
one or more times between mirrors 204 and 208, before reaching an apermre 210, Optionally, 
aperture 210 has a lens which focuses light beam 202 on a detector 212 which is, for example, 
a position sensitive detector (PSD). Alternatively, light beam 202 strikes PSD 212 directly, 
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without focusing. PSD 2J2 produces an output signal dependent on the position where light 
beam 202 strikes PSD 212. This posirion depends on the angle of orientation of mirror 204, and 
hence on the angle of orientation of mirror 112. Hence the output signal of sensor 222 depends 
on the oricnujiion of mirror 1 12. 

Optionally, light beam 202 reflects only once from mirror 204 and goes directly to lens 
210, without reflecting from mirror 20S. However, having light beam 202 reflect from mirror 
208 and then reflect again from mirror 204 makes the position of zight beam 202 oaPSD 212 
more sensitive to the orientation of mirror 204, and the sensitivity is greater the more times 
light beam 202 bounces between mirror 204 and mirror 208. 

In an embodiment of tlie invention, the angle of incidence of the light beam on the PSD 
is other than normal to avoid refiecdon back into the laser. Alternatively or additionally, the 
bearn is not focused to reduce the strength of any reflection back into the laser. The presence of 
such reflection back into the laser may cause mode jumping. Some defocusiug may be helpful 
in reducing deleterious effects of imeven sensitivity of the PSD with position. 

Optionally, ^my odier means known to the art is used to detect the position of light 
beam 202, instead of using a PSD such as that showm. For example, using split-detector where 
half of the power of light beam 202 falls on each of nvo photocells located side by side, and the 
•difference in the output of (he two photocells measures the position of the center of light beam 
202. Oprionally, a light source other than a laser diode is used. 

Altemadvely. instead of being an optical .sensor, sensor 222 uses any other method 
known to the aa for measuring the orientation of mirror 112. Tor example, sensor 222 is 
capacitive or inductive proximity sensor which measures the distance io a target fixed to the 
back of mirror 112. or sensor 222 comprises a strain gauge, one end of which touches mirror 
1 12. Or, seasor 222 is an optical sensor, but uses interferomeiry to measure the distance to a 
target mounted on minror 1 12. Using an optical sensor and a PSD. as described above, has the 
potential advantage that sensor 222 has a relatively wide range, and need not be in mechanical 
contact with mirror 112, or even be very close to mirror 112. The greater precision possible 
with other sensmg methods may not be needed, and in any case the precision can be increased, 
if necessarj', by changing the geometr)' of the sensor to increase the number of bounces 
between mirror 204 and mirror 208. 

Optionally, mirror 112 adjusts the position of reflected light beam 111 on die 
photoreceptor by translarina, instead or in addition to rotating. In this caiic, sensor 222 
optionally measures the position of mirror 112, or an appropriate combination of the po^iition 
and orientation, instead of only measuring the orientation. 
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The inveniion has been described in the context of the best raode for carrying it out It 
shouid be understood that not all features show-n in the drawing or described in the associated 
text may be present in an actual device, in accordance with soinc embodiments of the 
invention, furthermore, variations on the method and apparatus showii are included within the 
scope of the invention, which is limited only by the claims. Also, features of one embodiment 
may be provided in conjunction with features of a different embodiment of the inveation. As 
used herein, the terms "have'\ ^'include" and "comprise" or their conjugates mean "including 
but not limited to." 
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